Abstract. DNA from Mycoplasma &p. Kid which was enriched for tRNA genes (containing about 10% tDNA) was transcribed by E. coli RNA polymerase. The RNA transcription product labeled with [14C] Pseudouridine is the most common modified nucleoside in tRNA. It may be crucial to tRNA function since it is found in all tRNAs active in protein synthesis. Recently it has been shown7 that a tRNA which is not active in protein synthesis lacks pseudouridine. The mechanism of pseudouridine biosynthesis in RNA is not known. From earlier work8-"1 comes indirect evidence 943
douridine was formed. The experiments support the idea that the conversion of uridine to pseudouridine takes place at the macromolecular level. Furthermore, the conversion was shown to be specific for a uridine residue in tRNA-like material since neither [14C]polyuridylic acid nor the [14C]uridine-labeled RNA transcribed from X DNA served as substrate for the pseudouridine-forming enzyme(s).
tRNA is unique among cellular RNAs in its content of a large number of modified nucleosides.1 Studies on the biosynthesis of such modified nucleosides have been limited by the lack of a proper substrate for the modifying enzymes. Two useful substrates can be envisaged: tRNA that is lacking a specific nucleoside, or completely unmodified tRNA. The former substrate is found in tRNA of Mycoplasma sp. Kid,2 which lacks many modified nucleosides and has been used for the isolation and characterization of the E. coli enzyme that forms isopentenyladenosine.3 The latter substrate can be produced by transcribing DNA sequences that contain the information for tRNA (tDNA) with DNA-dependent RNA polymerase.
To date, there are three useful sources of tDNA: (i) chemically synthesized tRNA genes;4 (ii) the DNA of 480Su3+, a transducing phage carrying a tRNA gene,5 and (iii) double-stranded DNA from Mycoplasma sp. Kid which has been enriched for the sequences corresponding to tRNA.6 The enriched Kid DNA appeared to be more advantageous for this purpose than ,k8OSu3+ DNA, since its content of tDNA is much higher (10% compared to 0.4%).
Pseudouridine is the most common modified nucleoside in tRNA. It may be crucial to tRNA function since it is found in all tRNAs active in protein synthesis. Recently it has been shown7 that a tRNA which is not active in protein synthesis lacks pseudouridine. The mechanism of pseudouridine biosynthesis in RNA is not known. From earlier work8-"1 comes indirect evidence that the mechanism involves the modification of a uridine residue in the polynucleotide chain. However, the isolation of an enzyme which catalyzes the synthesis of pseudouridinel2,13 has prompted speculation that pseudouridine in RNA arose through incorporation of monomers. '4 In this paper we report the transcription of tDNA from Mycoplasma sp. Kid and the use of this RNA (Kid RNA) as a substrate for detecting the pseudouridine-forming enzyme(s) in E. coli extracts. The studies indicate that the in vitro reaction results in the formation of pseudouridine contained in Kid (Fig. 2) . The heterogeneity of the transcription product indicated by the sedimentation profile is not surprising, since the tDNA is also heterogeneous in size (average molecular weight of 200,000).
In vitro pseudouridine formation: The assay scheme used to detect pseudouridine formation is outlined in Fig. 3 The cofactor or energy requirements of the pseudouridine-forming enzyme(s) are not known. Nucleoside triphosphates were routinely included in the reactions except where indicated. If other cofactors are needed, the minute quantities required for the pseudouridine formation in these assays could have been supplied by some agent present in the S-100 preparation.
The results suggest that pseudouridine is formed at the macromolecular level. An alternative explanation of the observed results could be that the Kid RNA is degraded during incubation with the E. coli supernatant enzymes to nucleotides which are transformed to a pseudouridine derivative and, after enzymatic phosphorylation, polymerized to a polynucleotide. This possibility was tested by incubating both [14C]UTP and [14C]pU with supernatant enzymes under the same conditions as for the Kid RNA incubations except that unlabeled UTP was omitted from the mixture. After dephosphorylation with bacterial alkaline phosphatase and one-dimensional paper chromatography in solvent II no pseudouridine was detected. Furthermore, the observed RNA polymerase and polynucleotide phosphorylase activities contained in the amount of S-100 used are not sufficient to synthesize a polynucleotide of the size of Kid RNA. These results make it unlikely that pseudouridine is formed at the nucleoside or nucleotide level. A definite answer can be obtained from an experiment in which pseudouridine formation in Kid RNA is examined in the presence of unlabeled uracil, uridine, and uridine mono-, di-, and triphosphates.
Some studies to test the specificity of the pseudouridine-forming enzyme(s)
were also made. ['4C]poly U and X RNA were incubated with the E. coli supernatant enzymes. Neither RNA should contain tRNA.20 The results shown in Table 2 indicate that the pseudouridine-forming enzyme(s) are specific for Discussion. The present study has utilized the unmodified RNA transcription product of Kid tDNA to investigate the formation of pseudouridine in tRNA. The results have shown that pseudouridine is formed in vitro by a simple incubation of the unmodified RNA with E. coli cell extract. Our results present strong evidence that the pseudouridine is formed at the polynucleotide level and that pseudouridine is derived from uridine contained in RNA. Whether the mechanism involves the cleavage of an N-glycoside bond in uridine, rotation of a uracil residue, and formation of a C-glycosidic linkage remains to be seen. The possibility that pseudouridine is inserted after excision of specific nucleoside residues from the RNA seems less likely in light of our results. The formation of pseudouridine appears to be specific for tRNA-like material since in neither polyuridylic acid, nor the transcription product of X DNA, was significant conversion of uridine to pseudouridine found. The actual macromolecular substrate in this reaction and the sequence of events are not yet known. However, it appears that this modification occurs in the absence of other modified nucleosides and that the RNA need not assume its mature size and conformation to be modified. Preliminary experiments showed that incubated Kid RNA could not be aminoacylated.
The formation of mature tRNA may be considered to proceed as follows:
tRNA genes ) tRNA precursor -mature tRNA
The availability of the unmodified RNA transcription product permits the investigation of the biosynthesis of the other modified nucleosides and of functional tRNA. At present little is known about the sequence of events or the enzymes involved in these reactions. For instance, it is of crucial importance to know whether the precursor is longer than a mature tRNA molecule. The precursor could be brought to the proper length by an enzyme after transcription of tDNA into a laige RNA chain. Such a mechanism appears to exist in HeLa cells, where a large precursor tRNA, still incompletely modified, is found.
Another possibility would be to control the size of tRNA through the transcription process, which would require a termination signal for RNA polymerase, possibly mediated by termination factors.22 It would also be interesting to clarify whether the C-C-A nucleotide sequence of the amino acid acceptor end of tRNA is coded for by tDNA, or if the tRNA-CMP-AMP-pyrophosphorylase is required to add these nucleotides.23 Studies to answer these questions can be attempted with Kid RNA. 
